A central question in developmental biology concerns the mechanism of generation and maintenance of cell polarity, because these processes are essential for many cellular functions and multicellular development [1] . In plants, cell polarity has an additional role in mediating directional transport of the plant hormone auxin that is crucial for multiple developmental processes [2] [3] [4] . In addition, plant cells have a complex extracellular matrix, the cell wall [5, 6] , whose role in regulating cellular processes, including cell polarity, is unexplored. We have found that polar distribution of PIN auxin transporters [7] in plant cells is maintained by connections between polar domains at the plasma membrane and the cell wall. Genetic and pharmacological interference with cellulose, the major component of the cell wall, or mechanical interference with the cell wall disrupts these connections and leads to increased lateral diffusion and loss of polar distribution of PIN transporters for the phytohormone auxin. Our results reveal a plantspecific mechanism for cell polarity maintenance and provide a conceptual framework for modulating cell polarity and plant development via endogenous and environmental manipulations of the cellulose-based extracellular matrix.
A central question in developmental biology concerns the mechanism of generation and maintenance of cell polarity, because these processes are essential for many cellular functions and multicellular development [1] . In plants, cell polarity has an additional role in mediating directional transport of the plant hormone auxin that is crucial for multiple developmental processes [2] [3] [4] . In addition, plant cells have a complex extracellular matrix, the cell wall [5, 6] , whose role in regulating cellular processes, including cell polarity, is unexplored. We have found that polar distribution of PIN auxin transporters [7] in plant cells is maintained by connections between polar domains at the plasma membrane and the cell wall. Genetic and pharmacological interference with cellulose, the major component of the cell wall, or mechanical interference with the cell wall disrupts these connections and leads to increased lateral diffusion and loss of polar distribution of PIN transporters for the phytohormone auxin. Our results reveal a plantspecific mechanism for cell polarity maintenance and provide a conceptual framework for modulating cell polarity and plant development via endogenous and environmental manipulations of the cellulose-based extracellular matrix.
Results and Discussions
Forward Genetic Screen for PIN Polarity Regulators Cell polarization is an essential feature for many cell processes, and the establishment and maintenance of cell polarity require intracellular vesicle trafficking, cytoskeleton modification, and signaling events. The regulation of cell polarity in plant and animal cells is fundamentally different [8, 9] : (1) plants appear to have higher complexity of polar trafficking pathways [10] , (2) their cells generally lack the tight junctions that separate the polar domains in animal epithelial cells [11] , and, very importantly, (3) plant cells have a cell wall, a crucial cellular component that provides structural integrity to plant tissues and regulates cellular growth and form [12, 13] .
To identify components of the mechanism for cell polarity establishment and maintenance in plants, we used as polarity markers PIN transporters for the plant hormone auxin [7] . Polar distribution of PIN proteins at the plasma membrane determines directionality of auxin flow [14] and thus contributes to regulation of multiple aspects of plant development [4] . Apical (upper, shootward cell side) polar localization of PIN2 in root epidermal cells is required for asymmetric auxin translocation following gravistimulation and thus for gravitropic root growth [15, 16] . In contrast, the transgenic PIN2::PIN1-HA into pin2 mutant background has apically localized PIN2 replaced by the basally (lower, rootward side) localized PIN1 protein (which normally localizes at the basal side of stele cells), and, as a consequence, this line does not rescue the agravitropic root growth of pin2 mutant [14] . We designed a screen for regulators of PIN polarity with a rationale that, in lines in which the basal PIN1 localization is defective, a presence of PIN1 at the upper side will at least partially replace the endogenous function of PIN2 and could, to some extent, restore the gravitropic root growth ( Figure 1A ). This rationale is supported by previous observations that weaker polarity mutants often show defects preferentially in the basal targeting, leading to ectopic apical localization of basal cargos [17] . This strategy enabled us to screen for polarity mutants macroscopically, based on gravitropic root growth, and also to detect weaker polarity mutants, because the polarity of PIN1-HA is more sensitive to perturbations than is the polarity of endogenous PIN proteins [17] . The strategy can also circumvent the expected risk of embryo or seedling lethality of stronger polarity mutants. Hence, we screened for M2 EMS-mutagenized PIN2::PIN1-HA;pin2 seedlings that positively responded to two successive gravistimulation stimuli, and these candidates were tested in the M3 generation by immunolocalizations for changes in the polarity of PIN1-HA localization. From 2600 M1 families, we identified four regulator of PIN polarity (repp) Arabidopsis mutants that showed positive gravitropic response and changed localization of PIN1-HA in epidermal cells. As expected, the repp mutants do not show pronounced defects in polarity of endogenous PIN proteins and thus can generate all basic cell types correctly (data not shown). Here we present novel insights into the regulation of PIN polarity by analysis of the repp3 mutant (PIN2::PIN1-HA;pin2 background).
repp3 Is a PIN Polarity Mutant In contrast to predominantly basal and nonpolar PIN1-HA localization in PIN2::PIN1-HA;pin2 epidermal cells, roots of repp3 had defects in basal localization of PIN1-HA, as revealed by anti-PIN1 and anti-HA immunolocalization experiments. These included partial recovery of PIN2-like localization at the apical side of epidermal cells (Figures 1B and 1C ; see also Figure S1A available online). Accordingly, repp3 roots were able to generate an asymmetric distribution of auxin response at the lower side of gravistimulated roots, as visualized using the DR5rev::GFP auxin response reporter (Figure 1D ; see also Figure S1B ), and, despite a slightly wavy root growth, showed positive gravitropic response ( Figures  1E and 1F ; see also Figures S1C and S1D). These results reveal *Correspondence: jiri.friml@psb.vib-ugent.be that the repp3 mutation leads to defects in basal localization of PIN1-HA. Furthermore, this finding indicates that partial restoration of PIN action at the apical side of epidermal cells is sufficient to rescue gravity-induced auxin redistribution and gravitropic response of the PIN2::PIN1-HA;pin2 line.
REPP3 Encodes CESA3
We mapped the repp3 mutant to an interval of 112 kb on the lower arm of chromosome 5 by using 232 repp3 recombinants derived from the F2 progenies of a cross between repp3 (Columbia background) and agravitropic1-1 (agr1-1), an agravitropic Landsberg erecta mutant allele defective in PIN2 [18] . Map-based cloning and sequencing revealed a proline 578 to leucine 578 amino acid substitution in the open reading frame of the gene designated as cellulose synthase catalytic subunit 3/constitutive expression of VSP1/isoxaben resistant 1/ ectopic lignin 1 (CESA3/CEV1/IXR1/ELI1) [19] [20] [21] [22] (Figure 2A ). CESA3 is one of the three isoforms necessary to obtain a functional cellulose synthase complex (CSC) [23] . This large complex located at the plasma membrane synthesizes the beta 1,4 glucans that can associate to form the cellulose microfibrils [23] .
In line with previous analysis of different gain-and loss-offunction cesa3 alleles [21] [22] [23] [24] [25] [26] , repp3 was resistant to the cellulose synthesis inhibitor isoxaben (Figures S2A and S2B), had ectopic lignification in its roots, as revealed by histochemical analysis with phloroglucinol ( Figure 2B ), and had diminished cellulose content in its cell wall, as revealed by Fourier transform infrared spectroscopy ( Figure 2C ; see also Figure S2C ). Reduced cellulose content in the repp3 mutant was accompanied by morphological phenotypes. repp3 seedlings had smaller roots, cotyledons, and dark-grown hypocotyls, as compared to controls ( Figures 2D and 2E ). Mutant roots were swollen and possessed more root hairs that had abnormal phenotype ( Figure 2B ; see also Figure S2D ). Although repp3 was viable as a homozygote, when seedlings were grown in vitro we observed phenotypic heterogeneity: some seeds did not germinate, and, from the geminated seedlings, 5%-50% (depending on the age of the seeds) did not elongate the root or expand cotyledons (data not shown). Adult mutant plants were much smaller when compared with controls. They displayed reduced shoot elongation, reduced leaf area, abnormal branching, and phyllotaxis and floral organ defects, including partial sterility ( Figures S2E and S2F ). These phenotypes are consistent with a central role of cellulose microfibrils to control growth anisotropy.
To confirm that the repp3 mutation in CESA3 is a cause of the PIN polarity changes and restoration of the PIN2::PIN1-HA;pin2 gravitropic root growth, we performed an allelic test with an independent weak allele, cesa3 je5 [23] . For this purpose, we crossed cesa3 je5 ;PIN2::PIN1-HA;pin2 and repp3;PIN2::PIN1-HA;pin2 and analyzed F1 seedlings. They showed partial restoration of gravitropic growth, more apical PIN1-HA, and morphological phenotypes similar to repp3;PIN2::PIN1-HA;pin2 or cesa3 je5 ;PIN2::PIN1-HA;pin2 ( Figure 2F ; see also Figures S2G and S2H). Collectively, our data demonstrate that repp3, a mutant defective in PIN polarity, is a weak allele of the CESA3 gene, which shows cellulose deficiency and has corresponding defects in cell wall composition and plant growth and morphology.
Genetic or Chemical Interference with Cellulose Results in PIN Polarity Defects
Next we decided to test in more detail the connection between cellulose defects and PIN polarity changes. We investigated whether the cesa3 je5 allele can mimic the PIN polarity and auxin distribution phenotypes of the repp3 mutant. When crossed into the background PIN2::PIN1-HA;pin2, cesa3 je5 led to defects in basal PIN1-HA localization in epidermal cells ( Figures 3A and 3B ). Similar to repp3 mutant, partial restoration of PIN1-HA at the apical side also restored to some extent the gravitropic response and growth (Figures 3D and 3E ; see also Figures S3A and S3B) .
The cellulose synthase complex contains catalytic subunits such as CESA1, CESA3, and CESA6 [23] . To test whether mutants defective in other subunits of the CSC have the same effect on PIN polarity, we introduced cesa1 rsw1-10 and into PIN2::PIN1-HA;pin2 background. Both mutants displayed reduced basalization and partial apicalization of PIN1-HA in the epidermal cells of PIN2::PIN1-HA;pin2 and largely restored the gravitropic growth ( Figure 3C ; see also Figure S3C ; data not shown). This finding demonstrates that defects in different molecular components of cellulose synthesis impair basal PIN1-HA localization.
Notably, chemical inhibition of cellulose biosynthesis with inhibitors such as isoxaben and dichlobenil (DCB) also induced repp3-like phenotypes in PIN2::PIN1-HA;pin2 seedlings. PIN2::PIN1-HA;pin2 seedlings grown on 1.5 pM or 2 pM isoxaben, or 0.125 mM DCB, showed gravitropic root growth and response (Figures 3D and 3E ; see also Figures  S3A and S3B ). In addition, seedlings treated with isoxaben and DCB showed defects in basal localization of PIN1-HA, with regular occurrence of PIN1-HA at the apical side ( Figures  3A and 3B) .
Thus, both genetic and pharmacological manipulation of the synthesis of cellulose, the major component of the plant extracellular matrix, resulted in PIN1-HA polarity defects, suggesting a role for cellulose in regulating cell polarity.
Cell Wall Integrity Is Required for PIN Polarity PIN polarity defects that occur as a consequence of cellulose deficiency suggest a role for the cell wall in regulation of cell polarity. Alternatively, defects in cellulose components of cell wall might affect polarity of PIN localization as well because of their more pleiotropic effects on, e.g., signaling events and hormone homeostasis [20, 22, 25] .
To address the role of the cell wall in PIN polarity, we removed the cell wall from root cells by protoplasting. We followed the localization of two fluorescent markers with different polar localization in the epidermal cells: apical PIN2-GFP in its endogenous domain in the PIN2::PIN2-GFP line and predominantly basal PIN1-GFP-2 in the PIN2::PIN1-GFP-2 line. From the onset of cell wall degradation by protoplasting, the localization of both proteins to their polar domains was very rapidly lost, and they redistributed symmetrically around the cell ( Figure 4A ; see also Figure S4A ). A similar loss of basal polar PIN localization has been observed for PIN1-GFP in its endogenous domain in PIN1::PIN1-GFP roots (data not shown).This is reminiscent of the rapid loss of enriched PIN localization from the transverse membranes following protoplasting of cultured cells [27] . These results reveal that the cell wall is required for maintenance of apical and basal polarity of ectopically expressed, as well as endogenous, PIN proteins. It suggests that interactions between the cell wall and plasma membrane are crucial for maintenance of the localized distribution of cargos that characterize polar plasma membrane domains.
The strict requirement of the cell wall for apical and basal PIN polarity maintenance in different cell types is in an apparent contradiction with the specific effect of the cesa mutations, which preferentially affect the basal PIN1-HA localization in the epidermis cells. This finding could indicate that cesa mutants, compared to total cell wall removal by protoplasting, might display more specific cell wall defects, which could be preferentially required for basal PIN polarity. Alternatively, and more likely, the ectopic basal PIN1-HA localization might be hypersensitive to CESA-dependent manipulations, as compared to more fixed polarity of the endogenously expressed PIN proteins. This interpretation is in alignment with previous findings showing that the basal polar domain in general and the ectopic basal localization of PIN1-HA in particular appear to be less stable than the apical polar domain [17] . Accordingly, weaker polarity defects thus often affect the basal domain in epidermis more and lead to apparent ''apicalization'' of basal cargos [17] . Hence, this susceptibility of the PIN1-HA in epidermis cells was one of the rationales for the design of the polarity screen. The identification of the CESA3 as a regulator of PIN polarity demonstrates that this screen has a capacity to also identify weak polarity mutations that would escape screens based on the observation of endogenous PIN polarity. 
Connections between PIN Polar Domains and the Extracellular Matrix
To test for hypothesized connections between the cell wall and polar plasma membrane domains, we performed a mannitolinduced plasmolysis ( Figure 4B ) or induced partial degradation of the cell wall with protoplasting solution, either lacking macerozyme but not cellulase ( Figure 4C ) or lacking cellulase but not macerozyme ( Figures 4D and 4E ). These largely resulted in preservation of the cell wall and thus of a tissue context, but with a very good separation of the plasma membrane from the cell wall as a result of plasmolysis. Following both the mannitol-induced plasmolysis and the plasmolysis caused by the partial degradation of the cell wall, the PIN proteins were clearly visible in the plasma membrane physically separated from the cell wall and showed a complete loss of their polar distribution at the plasma membrane ( Figures 4B-4E) . Notably, a substantial amount of PIN-GFP signal remained attached to the cell wall originally adjacent to the polar domain and also stained connections between the cell wall and the polar domains at the plasma membrane (Hechtian strands) (Figures 4B-4E ). These observations in root epidermal cells applied for both the apical cargos, such as PIN2-GFP ( Figures 4B and 4C ) and PIN1-GFP-3 ( Figure 4E ), and basal cargo PIN1-GFP-2 ( Figure 4D ) when it was localized at the basal side of the epidermal cells.
It seems that the strong attachment to the cell wall-plasma membrane interface is specific to polar proteins. Nonpolar plasma membrane-localized markers such as the aquaporin GFP-PIP2a or GFP-LTI6b showed very weak or no association with the cell wall, and most of their signal was localized symmetrically at the plasma membrane before and after plasmolysis ( Figure 4I ; see also Figure S4B ). To further investigate the nature of PIN-GFP labeling at the cell wall following plasmolysis, we performed plasmolysis (data not shown) or partial degradation of the cell wall for 20 min ( Figure 4F ) and then cotreated for 5 to 15 min with 0.1% dodecyl b-D-Maltoside ( Figures 4G and 4H) , a nonionic detergent that solubilizes membranes. We observed complete disappearance of PIN2-GFP signal from the cell wall and from the connections between the cell wall and the plasmolyzed cells ( Figures 4F-4H ), suggesting membrane character of the connections between the plasma membrane and cell wall.
Overall, these experiments confirmed that association with the cell wall is required for maintenance of polarity at the plasma membrane and revealed that both apical and basal polar plasma membrane domains are connected to the cell wall.
Cell Wall Connections Limit PIN Lateral Diffusion
Cell-to-cell connections, such as epithelial tight junctions, limit lateral plasma membrane diffusion in animals and are important to maintain cell polarity [28] . Plant cells are able to maintain the polar distribution of cargos in a fluid membrane environment in the absence of tight junction-like diffusion barriers. Cellulose-based connections to the cell wall might be a plant-specific mechanism for limiting lateral diffusion of polar cargos and maintaining polarity of distribution at the plasma membrane. We tested this hypothesis by assessing lateral diffusion of plasma membrane proteins at the polar domains. We performed fluorescence recovery after photobleaching experiments and measured the rate of PIN2-GFP diffusion after a very short time frame, when the recovery is predominantly lateral diffusion based. Only 13.3% of the prebleaching fluorescence signal recovered at 2 min after bleaching, confirming that PIN2-GFP displays lower mobility ( Figures  4J and 4K ) than nonpolar plasma membrane proteins [29, 30] . Next, we tested whether connections to the cell wall are required to limit the lateral diffusion of polar cargos. Detachment of the plasma membrane from the cell wall by mannitol-induced plasmolysis led to a significant increase in the PIN2-GFP mobile fraction (up to 35.4%; p < 0.05; Figures  4J and 4K) . Similarly, interference with cellulose by isoxaben treatment significantly increased PIN2 mobility in the plasma membrane (27.1%; p < 0.05; Figures 4J and 4K ). These independent disruptions of continuity between plasma membrane and cell wall illustrate that cellulose-based connections play a role in the maintenance of PIN polarity, possibly by reducing the lateral mobility of polar cargos and limiting their escape from the polar domains.
Conclusions
We have described a link between the extracellular matrix, cell polarity, and development in plants. By a forward genetic approach we have identified a previously unsuspected role of cellulose-a crucial component of the extracellular matrix of plant cells-in regulation of the polar localization of PIN transporters for the plant hormone auxin. Both genetic and pharmacological approaches revealed that the presence of cellulose in the extracellular matrix is essential to maintain polar distribution of proteins at the plasma membrane. We identified cellulose-based mechanical attachments between the polar domains at the plasma membrane and the extracellular matrix. These connections limit lateral diffusion of polar cargos in the plasma membrane and thus contribute to their localization at the polar domains.
This mechanism might be a plant-specific adaptation for maintaining polarity of the plasma membrane in the absence of cell-to-cell tight junctions that play this role in animal cells [11] . In contrast to animal cells that display a cell-to-cell interaction, plant cells are walled, and a tight cell wall-plasma membrane interaction might have more importance for regulating cellular functions than suspected. Indeed, the cell wall seems to encode crucial information for the cell fate determination and embryonic axis fixation in brown algae Fucus [31, 32] . Recently, a connection between cellulose defects and enhanced PIN1 localization at the plasma membrane has been suggested in the shoot apical meristem [33] . Furthermore, a mathematical model confirmed that cell wall stress could have the capacity to regulate both PIN localization and . Partial degradation of the cell wall by using protoplasting solution either lacking macerozyme but not cellulase (C) or lacking cellulase but not macerozyme (D and E). The plasmolytic detachment of the plasma membrane from the cell wall (B-E) reveals that apical (PIN2-GFP and PIN1-GFP-3) and basal (PIN1-GFP-2) polar domains are attached to the cell wall at the site of their polar localization. Note nonpolar PIN-GFP signal at the plasma membrane (yellow arrowheads), PIN-GFP-stained connections to the cell wall (Hechtian strands, HS), and strong persistence of PIN-GFP signal at the cell wall-plasma membrane interface, originally adjacent to the polar domain (white arrowheads). Scale bars represent 10 mm. (F-H) PIN2-GFP labeling at the cell wall (white arrowheads), plasma membrane (yellow arrowheads), and Hechtian strands can be observed after 20 min of partial degradation of the cell wall by a protoplasting solution lacking cellulase but not macerozyme (F). Following a 10 min cotreatment with 0.1% dodecyl b-D-Maltoside, the signal at the cell wall (white arrowheads) and from the membranous connections disappears completely (G and H). Note only the presence of PIN2-GFP at the plasma membrane of some of the plasmolyzed cells (yellow arrowheads) (G and H). Scale bars represent 10 mm. (I) Nonpolar integral plasma membrane protein GFPPIP2a shows very weak association or no association with the cell wall (white arrowheads), whereas the signal at the plasma membrane is very strong and symmetrically distributed (yellow arrowheads). Scale bars represent 10 mm. (J and K) Evaluation of the PIN2-GFP plasma membrane lateral diffusion by fluorescence recovery after photobleaching reveals that PIN2-GFP is a highly immobile protein; only 13.3% recovers at 2 min after photobleaching. Disruption of the cell wall-plasma membrane connections by mannitol-induced plasmolysis or by germinating PIN2::PIN2-GFP on 2 pM isoxaben results in significant increase in the PIN2 mobile fraction. *p < 0.05. Error bars represent SE. See also Figure S4 . microtubule orientation for generation of plant growth patterns. Thus, the identified tight link between the cell wall and cell polarity provides the conceptual possibility for regulation of signal fluxes and, ultimately, plant development via signaling from the extracellular matrix, for example during pathogen attack, wounding, osmotic changes, or mechanical stimulation.
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